A second-order diffraction grating placed below the active region of a phase-locked resonant antiguided array selects the in-phase array mode in addition to its role as a single-longitudinal-mode selector. This type of array-mode discrimination relies on the fact that the resonant in-phase array mode has significantly better field overlap with the grating region than nonresonant array modes. Furthermore, it eliminates the need for a conventional array-mode discriminator: interelement loss; which can cause self-pulsations. Diffraction-limited beam and single-frequency operation is obtained to at least 0.45 W peak pulsed power from 20 element, InGaAs/InGaP/GaAs structures (ϭ0.97 m) of 120-m-wide aperture. Distributed-feedback operation is confirmed over the 20-40°C temperature range. The results are in good agreement with theory. © 1998 American Institute of Physics. ͓S0003-6951͑98͒02531-5͔
The ability to produce high-power, single-frequency, single-spatial-mode light sources is of fundamental importance to applications such as coherent free-space optical communications, blue-light generation via frequency doubling, midinfrared light generation via parametric frequency conversion, and low-noise sources for high-fidelity rf optical links. Large-aperture ͑у100 m͒ devices such as the fanouttype master-oscillator power amplifier ͑MOPA͒ 1 and the ␣-distributed-feedback ͑DFB͒ laser 2 have displayed high diffraction-limited, single-frequency powers. However, such devices, having weak or no lateral-mode confinement, possess inherent instabilities, [3] [4] [5] [6] thus raising serious issues of long-term stability and reliability. Therefore, there is a need for coherent large-aperture devices which not only select fundamental-mode operation but also maintain a stable mode to high drive levels.
As in the case of single-element devices, large-aperture emitters can achieve lateral-mode stability only by introducing strong built-in index guiding (⌬nу0.01). Resonant antiguided diode laser arrays ͑ROW arrays͒ 7 with 100-200-m-wide apertures have demonstrated the ability to operate in-phase with stable, diffraction-limited or near-diffractionlimited beams to record-high pulsed and cw output powers. [7] [8] [9] [10] Such performances are due primarily to the devices' high effective-index step (⌬n eff ϳ0.05) and inherent stability against multimoding via gain spatial hole burning ͑GSHB͒.
11 Discrimination against higher order spatial modes is usually provided by placing loss in the high effectiveindex interelement regions, 7 in turn suppressing modes with significant interelement field. However, it has been shown 12 that the presence of interelement loss could trigger selfpulsations due to saturable absorption at high power levels. Therefore, in order to assure stable, coherent high powers from antiguided arrays, there is a need for a novel spatialmode selector that does not rely on interelement loss.
Here we present the first experimental proof of the concept 13 that a DFB grating placed below the active region of a ROW array selects both a single longitudinal mode as well as a single lateral mode. Specifically we obtain pure, stable single-mode operation to at least 0.45 W peak pulsed power from 20 element, 120-m-aperture devices.
A schematic representation of the ROW-LDFB structure is shown in Fig. 1 . The structure is Al free, thus allowing for easy regrowths over gratings 14 for longitudinal-mode control, and over patterned structures 9 for lateral-mode stabilization and control. All layers are grown by low-pressure metalorganic chemical vapor deposition ͑LP-MOCVD͒ at around 700°C. After growing a 0.5-m-thick n-InGaP cladding layer on the GaAs substrate, a second-order sinusoidal DFB grating, with a tooth height of 75 and 300 nm period, is made by holographic interference and wet chemical etching. A GaAs ''grating'' layer is then formed by regrowth. The rest of the regrowth consists of a 325-nm-thick n-InGaP spacer layer, a separate confinement heterostructure ͑SCH͒ incorporating 200-nm-thick InGaAsP (E g ϭ1.62 eV) optical confinement layers surrounding two 7-nm-thick In 0.2 Ga 0.8 As quantum wells, a 150-nm-thick p-InGaP spacer layer, and a 180-nm-thick GaAs layer. The high effective-index interelement ͑array͒ regions are then defined by wet chemical etching of the GaAs layer and regrowing p-InGaP ͓Fig. 1͑b͔͒. As a result a lateral effective-index step of 0.026 is obtained between the interelement and element regions of the array. The second regrowth consists of a 1-m-thick p-InGaP layer and a 0.2-m-thick p ϩ -GaAs cap layer. 20-element arrays of two different values for the element width, d: 4.0 and 4.5 m; were studied. In both cases the interelement width, s, is 1.5 m, which corresponds to the resonance of the in-phase mode.
ously discussed in detail. 7 Array modes ͑i.e., spatial modes͒ are named according to the number of intensity nulls. For 20-element arrays, in addition to the desired in-phase array mode 38, the competing spatial modes are the upper and lower out-of-phase modes 57 and 19, and the upper and lower adjacent modes 39 and 37. In the element regions the field in the transverse direction is mainly located in the SCH structure ͓see Fig. 1͑b͔͒ , while in the interelement regions the field is located primarily in the high-index GaAs passive guides.
For DFB laser structures the grating is typically placed above the active region at the upper confinement interface for ease of regrowth and fabrication. For such configurations, however, both element and interelement fields would significantly overlap the grating interface. As a result, all array modes would couple nearly equally to the grating. However, when the grating is placed below the active region, as shown in Fig. 1͑b͒ , coupling of the interelement field is insignificant, and the percentage of optical feedback for a given array mode depends on the percentage of its field intensity in the element regions. 13 Because only the resonant in-phase array mode has virtually all its field in the element regions, 7 it follows ͓see Fig. 1͑b͔͒ that it couples strongest to the grating compared to the other array modes. Therefore, a DFB grating placed below the active region acts simultaneously as a single-frequency-and in-phase-mode selector.
The intermodal discrimination is shown in Fig. 2 for a 20-element ROW-LDFB array structure with 3%/95% antireflective ͑AR͒/high-reflective ͑HR͒ coatings. The details of the calculation are presented elsewhere. 13 The difference in threshold-current density, ⌬J th , between the lower out-ofphase mode ͑i.e., mode 19͒ and the in-phase resonant mode ͑i.e., mode 38͒ is plotted as a function of the grating phases:
AR and HR ; at AR-coated and HR-coated cleaved facets, respectively. (J th lies in the 325-475 A/cm 2 range.͒ Inphase-mode operation is favored for all cleave locations. Single-longitudinal-mode operation occurs virtually everywhere, the exceptions being three degeneracy points at: ( AR , HR )ϭ(/4,/4), (/4,3/4), and (3/4,/4); where in-phase-mode operation is obtained in two longitudinal modes. The maximum discrimination, ⌬J th , is 21 A/cm 2 . Even though the amount of intermodal discrimination is relatively small, single spatial-mode operation is assured to high powers due to the immunity of the resonant in-phase mode to multimoding via GSHB. 11 More specifically, since the resonant in-phase mode has a uniform near-field intensity profile it uses all available gain, preventing other array modes from lasing at high drive levels.
11
Preliminary experimental results under pulsed operation ͑5-s-wide pulses, 2 kHz repetition rate͒ from 20-element ROW-LDFB devices are shown in Figs. 3 and 4. In Fig. 3 we show the beam patterns and spectra from a 500-m-long device with 3%/95% facet coatings. The device emits in a diffraction-limited ͑0.55°͒ beam pattern ͓Fig. 3͑a͔͒ from a 110-m-wide aperture, to 0.4 W peak power and 5ϫ threshold at 2.5 A drive current. Single-frequency operation is recorded to 0.4 W as well. Figure 3͑b͒ displays the spectrum at a 2 A drive current as a function of heatsink temperature. The temperature dependence is 0.6 Å/°C, confirming DFB behavior. The fact that only one longitudinal mode lases is validated by the fact that the longitudinal-mode spacing ͑i.e., 2.2 Å from theory and subthreshold spectra͒ is significantly larger than the spectrometer-limited spectral width ͑ϳ1 Å͒. In Fig. 4 we show the beam patterns and spectra from a 750-m-long device with 3%/30% facet reflectivities. 0.45 W diffraction-limited power is obtained, with 75% centrallobe energy content ͓Fig. 4͑a͔͒. At the 0.45 W power level single-mode DFB action is confirmed over the 20-40°C temperature range ͓Fig. 4͑b͔͒.
These preliminary results confirm that the lower DFB grating selects both a longitudinal mode as well as a stable, lateral mode. Various optimizations ͑e.g., adjusting the device grating coupling for maximum output power in a single longitudinal mode͒ 14 should allow for cw operation in a stable, diffraction-limited beam to watt-range powers.
In conclusion, we present the first demonstration of a phase-locked array for which a DFB grating acts as an arraymode selector. Single-frequency and single-spatial-mode operation are achieved to 0.45 W peak power from unoptimized devices. Therefore, ROW-LDBF arrays have the potential for stable beam, reliable operation to watt-range coherent powers. This work was supported by NSF under Grant No. ECS-9522035.
